It is known that the anomalous D p -brane Chern-Simons couplings are not consistent with the standard rules of T-duality. Using compatibility of these couplings with the linear T-duality transformations, the B-field gauge transformations and the general coordinate transformations as guiding principles we find new couplings at order O(α ′2 ) for C (p−3) , C (p−1) , C (p+1) and C (p+3) .
Introduction
The dynamics of the D-branes of type II superstring theories is well-approximated by the effective world-volume field theory which consists of the Dirac-Born-Infeld (DBI) and the Chern-Simons (CS) actions. The DBI action describes the dynamics of the brane in the presence of NS-NS background fields. For constant fields, this action can be found by requiring its consistency with the nonlinear T-duality [1, 2] , i.e.,
where G ab and B ab are the pull-back of the bulk fields G µν and B µν onto the world-volume of D-brane 2 . The curvature corrections to this action have been found in [3] by requiring the consistency of the effective action with the O(α ′2 ) terms of the corresponding disklevel scattering amplitude [4, 5] . The B-field corrections at this order have been found in [6] by requiring the consistency of the curvature couplings with the linear T-duality transformations.
On the other hand, the CS part describes the coupling of D-branes to the R-R potential. For constant fields it is given by [7, 8] 
where M p+1 represents the world volume of the D p -brane, C is meant to represent a sum over all appropriate R-R forms and the multiplication rule is the wedge product. The abelian gauge field can be added to the action as B → B + 2πα ′ f . Curvature correction to this action has been found in [9, 10, 11] by requiring that the chiral anomaly on the world volume of intersecting D-branes (I-brane) cancels the anomalous variation of the CS action. This correction is
where C = e B C and A(R T,N ) is the Dirac roof genus of the tangent and normal bundle curvatures respectively,
For totally-geodesic embeddings of the world-volume in the ambient spacetime, R T,N are the pull-back curvature 2-forms of the tangent and normal bundles respectively (see the appendix in ref. [3] for more details).
It was shown in [16] that at order O(α ′2 ) the CS action (3) must include additional linear couplings to the NS-NS fields. These couplings were found by studying the S-matrix element of one R-R and one NS-NS vertex operator at order O(α ′2 ) [4] . In the string frame, they take the form [16] 3 : 
where R is the linearized Riemann curvature tensor of the background metric, F (n) = dC (n−1) , and commas are used to denote partial differentiation. Since these couplings have been found by the S-matrix method, there is an on-shell ambiguity in defining these terms [17, 18] . The above couplings are consistent with the T-duality transformations at a linearized level and are invariant under the B-field gauge transformations. In particular, the sum of the second term in the first line and the last two terms in the second line form a T-duality invariant set of terms, and the remaining terms form another T-duality invariant set. We call each of these a T-dual multiplet.
One may extend (5) to the nonlinear couplings by replacing C with C = e B C and by replacing the ordinary derivatives with their covariant counter parts. In fact the first replacement is required for consistency of the above couplings with the nonlinear T-duality transformations [4] . When the R-R potential carries one transverse index, this replacement produces the following couplings for C (p−3) :
The first term breaks the B-field gauge symmetry. However, it can be restored by the standard replacement of B a p−1 ap with (B a p−1 ap + 2πα ′ f a p−1 ap ). It has been shown in [12] that the S-matrix element of one R-R potential and two B-field vertex operators reproduce 3 Using the on-shell relations, the standard definition of the curvature tensorR ij has been changed in [16] 
With this tensor the coupling F (p+2) a0···apj,iR ij is then invariant under linear Tduality [16] . If one uses the standard definitionR ij ≡ R ia a j , then the second term in the second line of (5) can be written at the linear order as F (p+2) a0···ap j,i (h ij,aa + h aa,ij − h ia,aj − h ja,ai − 2φ ,ij )/2(p + 1) where h is the metric perturbation. Under T-duality along the world volume direction y, the RR factor F (p+2) a0···ap j,i /(p + 1) which includes the Killing index y, transforms to F (p+1) a0···ap−1 j,i . The latter, however, does not include the Killing index. Hence, the indices i, j in the T-dual theory do not include the Killing index y. Using this observation, one can easily verify that the metric/dilaton factor (h ij,aa + h aa,ij − h ia,aj − h ja,ai − 2φ ,ij ) is invariant under the linear T-duality. Hence, the second term in the second line of (5) is invariant under the T-duality.
exactly the above couplings. When the R-R potential carries only the world volume indices, the above replacement does not restore the gauge symmetry in many terms. The non-gauge invariant terms, however, are invariant under the linear T-duality at the level of two Bfields, so it is consistent with the linear T-duality to remove them. On the other hand, the S-matrix calculations produce only the gauge invariant couplings [26] .
It has been pointed out in [13] that the anomalous CS couplings (3) must be incomplete for non-constant B-field as they are not compatible with the T-duality. T-duality exchanges the components of the metric and the B-field whereas the couplings (3) involve only the metric through the curvature terms. A systematic approach for including the B-field in a theory might be provided by the 'double field theory' formalism in which the fields depend both on the usual spacetime coordinates and on the winding coordinates [14] . In this paper, however, we use the method that was used in [13] to find the Myers terms in the non-abelian CS action at order O(α ′0 ). That is, we add new couplings to the CS action at order O(α ′2 ) to make it compatible with T-duality. The T-dual multiplet that we find includes the R-R potentials C (p−3) , C (p−1) and C (p+1) . These couplings have been also found in [15] . They are, however, neither covariant nor invariant under the B-field gauge transformations.
The disk-level S-matrix element of one R-R potential C (p−3) and two B-field vertex operators produces not only the C (p−3) component of the above T-dual multiplet, but also produces some other contact terms as well as massless poles at order O(α ′2 ) [26] . Consistency of the amplitude with linear T-duality then requires one to extend the latter contributions to contact-term and the massless-pole T-dual multiplets. More generally, one may extend the S-matrix element to a set of S-matrix elements which are invariant under the linear T-duality transformations. We call this set the S-matrix T-dual multiplet.
Having both the contact-term as well as the massless-pole T-dual multiplets at order O(α ′2 ), it raises the question of how they come together to produce explicit covariant/gaugeinvariant results. One may expect that these multiplets can be combined separately to become covariant/gauge-invariant. However, as we will show the S-matrix calculation indicates that some of the terms in a contact-term multiplet combine with the massless-pole multiplets to produce the covariant and gauge-invariant results. We will show that such terms must be proportional to the Mandelstam variables. This phenomenon does not appear in the T-dual multiplets in (5) because the S-matrix element of two closed string vertex operators at order O(α ′2 ) has only contact terms [4] .
The outline of the paper is as follows: We begin in section 2 by reviewing the T-duality transformations and the method for finding the T-dual completion of a coupling. In section 3.1, we show that the standard CS coupling (3) is not consistent with the linear T-duality transformations and add new couplings at order O(α ′2 ) to find its corresponding T-dual multiplet. The C (p−3) component of this CS multiplet, however, is not invariant under the B-field gauge transformations. In sections 3.2, by adding another T-dual multiplet, we write the C (p−3) component of the combined multiplet in a T-dual and gauge-invariant form (see eq. (24)). In section 3.3, we argue that the contact terms in a S-matrix T-dual multiplet which are proportional to the Mandelstam variables, may combine with the massless poles to produce covariant and gauge-invariant results. Since we are not considering the massless poles of the S-matrix multiplet in this paper, we will not attempt to make such contact terms to be covariant/gauge-invariant. Adding three contact-term T-dual multiplets to the CS multiplet, we then write the C (p−1) component of these multiplets in a covariant and gauge-invariant form (see eq. (34)). In section 3.4, by adding one more T-dual multiplet to the list, we write the C (p+1) components in a covariant and gauge-invariant form (see eq. (36)). Finally, we show in section 3.5 that the C (p+3) components of the above multiplets are covariant and gauge-invariant (see eq.(37)).
T-duality
The full set of nonlinear T-duality transformations for massless R-R and NS-NS fields have been found in [19, 20, 21, 22, 23] . The nonlinear T-duality transformations of the fields C and B are such that the expression C = e B C transforms linearly under T-duality [24] . When the T-duality transformation acts along the Killing coordinate y, the massless NS-NS fields and C becom:
where µ, ν = y. In above transformation the metric is given in the string frame. If y is identified on a circle of radius R, i.e., y ∼ y + 2πR, then after T-duality the radius becomesR = α ′ /R. The string coupling is also shifted asg = g √ α ′ /R. We would like to study the consistency of the CS couplings (3) with the linear T-duality transformations. Assuming that the NS-NS fields are small perturbations around the flat space, the above transformations take the following linear form:
The strategy to find T-duality invariant couplings is given in [6] . Let us review it here. Suppose we are implementing T-duality along a world volume direction y of a D p -brane. First, we separate the world-volume indices along and orthogonal to y direction and then apply the T-duality transformations. The orthogonal indices are the complete world-volume indices of the T-dual D p−1 -brane. However, y in the T-dual theory, which is a normal bundle index, is not complete. On the other hand, the normal bundle indices of the original theory are not complete in the T-dual D p−1 -brane. They do not include the y index. In a T-duality invariant theory, y must be combined with the incomplete normal bundle indices to make them complete. If a theory is not invariant under the T-duality, one should then add new terms to it to have the complete indices in the T-dual theory. In this way one makes the theory to be T-duality invariant by adding new couplings.
One may also implement T-duality along a transverse direction y of a D p -brane. In this case, we separate the transverse indices along and orthogonal to y direction and then apply the T-duality transformations. The latter indices are complete in the dual D p+1 -brane. However, the complete world-volume indices of the original D p -brane are not complete in the dual D p+1 -brane. They must include the y index to be complete. In a T-duality invariant theory, y, which is a world-volume index in the dual theory, must be combined with the incomplete world-volume indices of the dual D p+1 -brane to become complete.
Let us apply the above method to the DBI action. Expansion of the DBI action (1) produces the following terms at order O(α ′0 ):
where we have considered perturbations around flat space. The metric takes the form G µν = η µν + h µν where h µν is a small perturbation. We want to implement T-duality along a world volume direction. So we write the linear terms above in the following form:
where the world volume indexã does not include y. Under the linear T-duality transformations (7), it transforms to −φ + 1 2 hãã. Since there is no incomplete index, one concludes that the linear terms in the DBI action are invariant under the linear T-duality transformations. Doing the same steps, one finds that the quadratic terms transform under the linear T-duality transformations as
This expression includes terms with the y index. However, one should not conclude that the quadratic terms are not invariant under the T-duality transformations. One has to add the nonlinear T-duality transformations of the linear terms −φ + h a a /2, which include the following quadratic terms:
to the above couplings. This will cancel the terms in (8) which have y index. Hence, according to our expectations, the quadratic order terms in the DBI action are invariant under the T-duality transformations.
New Couplings
It is known that the anomalous CS couplings of D-branes to space-time curvature are incomplete, as they are inconsistent with T-duality. We will construct a form of the couplings which are consistent with the linear T-duality. We are interested in the O(α ′2 ) terms in (4). The world-volume curvature R T and the field strength R N are related to the pull-back of the space-time Riemann tensor and the second fundamental form though the Gauss-Codazzi equation:
where Ω is the second fundamental form (see the appendix in [3] ). For totally-geodesic embedding, Ω is zero. In the static gauge, that we are going to use in this paper, the second fundamental form is non-zero. Hence, at order O(α ′2 ) there are three different terms: Terms with two Riemann tensors, terms with one Riemann tensor and two fundamental forms, and terms with four fundamental forms. At the linearized level, the Riemann curvature tensor is the second derivative of the fluctuation of the space-time metric and the second fundamental form is the second derivative of the massless transverse scalar fields on the D-brane. In this paper we are interested in studying the T-duality transformation of the two Riemann curvature terms. Hence, we consider the following CS couplings in (3):
where we have employed the static gauge. That is, first we have used the spacetime diffeomorphisms to define the D p -brane world-volume as x i = 0, where i = p + 1, · · · , 9, and then with the world-volume diffeomorphisms, we matched the internal coordinates with the remaining spacetime coordinates on the surface: σ a = x a for a = 0, 1, · · · , p. We have also ignored the pull-back operations, i.e., we work only with the restriction of the Riemann tensor to the appropriate subspace.
To find the T-dual completion of the above couplings at the linearized level, we will consider perturbation around flat space where the metric takes the form G µν = η µν + h µν , where h µν is a small perturbation. We denote the Riemann tensor to linear order in h by R µνρλ . This linear Riemann tensor is,
The coupling (9) at the linearized level is then
The indices that are contracted with the volume form are totally antisymmetric so we do not use the antisymmetric notation for them. The above couplings have been verified by the S-matrix element of one R-R and two graviton vertex operators in [25] . We will examine the expression (11) under the linear T-duality transformations (7), and find its corresponding T-dual multiplet. We call this multiplet, which has the Chern-Simons couplings in its first component, the Chern-Simons multiplet.
Chern-Simons multiplet
We begin by implementing T-duality along a world volume direction of D p -brane, which is denoted by y. From the contraction with the world volume form, one of the indices a 0 , · · · , a p−4 of the R-R potential 4 or the indices a, c of the metric fluctuation in (11) must include y. So there are two cases to consider: First when the R-R potential C (p−3) carries the y index and second when the metric carries the y index. In the former case, we write (11) as
The indices e and f include the Killing coordinate y which is a world volume coordinate. However, in the T-dual theory, y is a transverse coordinate. To be able to use the T-duality transformation rules (7), we separate y from e, f . Hence, we write the above equation as
where the "tilde" over the world volume indices e, f means they do not include the Killing direction y. Now, the above equation transforms under (7) to the following couplings of D p−1 -brane:
where we have used the fact that T p ∼ 1/g s and the relation 2π √ α ′ T p = T p−1 . In the above equation the "tilde" over the transverse indices k, l means they do not include the Killing direction y which is now a direction normal to the D p−1 -brane. The contracted indices of the second and third terms are not complete, i.e., the second term has y which does not include all other transverse coordinates, and the last term has the indexl which does not include the transverse coordinate y. This indicates that the original action (11) is not consistent with the linear T-duality.
To remedy this failure, one has to add some new couplings. These couplings must be such that when they combine with the couplings (11), the indices in the combination must remain complete after T-duality. Consider then the following couplings on the world volume of the D p -brane:
Doing the same steps as we have done for the couplings (11), one finds that the above couplings transforms to the following couplings of D p−1 -brane:
In this equation also the indexk in the first and the index y in the last terms are not complete. This indicates that the coupling (14) is not consistent with the T-duality either. However, the sum of the first term above and the second term of (13), and the sum of the last terms above and the last term of (13) have complete indices. Hence, the combination of actions (11) and (14) are consistent with T-duality when y is an index on the R-R potential. That is, the following couplings of D p -brane:
are consistent with the linear T-duality transformations (7) when the R-R potential carries the Killing index.
In order to proceed further, one observes that in the actions (16), two indices a and c, which are carried by the metric/B-field terms, contract with the volume form. When performing T-duality along a particular world volume direction, either one of these or one of the indices on the R-R potential must equal the T-dual coordinate y. We have already shown that the case, in which the index y is carried by the R-R field, is consistent with T-duality. Now we will check the second case where index y is carried by the metric/Bfield terms. The strategy is to choose one of the two indices to perform the T-duality and infer what extra terms must be included for the consistency. The resulting terms will have one remaining index. So we repeat this procedure to arrive at an action in which the metric/B-field terms have no index contracted with the volume form.
There are two ways for the metric/B-field terms in (16) to carry the Killing coordinate y, i.e., either a or c carries the index y. One can write the D p -brane couplings (16) as
Mimicking the steps which are used to get (12) , one finds that the transformation of the above couplings under T-duality (7) gives the following couplings for D p−1 -brane:
In this case the world volume indices e, f and the transverse indices k, l are all complete. However, the y index is not a complete index. Inspired by the above couplings, one can guess that for the D p -brane, the couplings should be following:
One can easily verify that the above couplings are invariant under the linear T-duality transformations (7) when the world volume Killing coordinate y is carried by the R-R potential, i.e., the R-R potential C i in which the transverse index i does not include y, and the couplings for i = y are given by (17) .
Finally, one observes that there is one possibility for the metric/B-field terms in (18) to carry the Killing coordinate y, i.e., a carries the index y. One can write it as
Under T-duality it transforms to the following couplings for D p−1 -brane:
where again, the world volume indices e, f and the transverse indices k, l are all complete, but y is not. Equation (19) suggests the following couplings for the D p -brane:
One can again verify that the above couplings are invariant under T-duality when y is carried by the R-R potential, i.e., The R-R potential C
ij in which the transverse indices i, j do not include y, and the couplings for i = y or j = y are given by (19) .
There is no index in the B-field/metric in (20) that contracts with the volume form. Hence, the combination of couplings (16) , (18) and (20) forms a complete T-dual multiplet, i.e., the CS multiplet. This multiplet is
where dots refer to the similar expressions as above with the replacement of the world volume indices (e, f ) by the transverse indices (k, l) and (e, k) by (k, e). We call the C
couplings the first component of the multiplet, the C (p−1) couplings are called the second component and so on. The above couplings have been also found in [15] and verified with some of the contact terms of the S-matrix element of one R-R and two NS-NS vertex operators. A more details study of the S-matrix element [26] , however, reveals that the string amplitude has more contact terms than those considered in [15] .
C (p−3) couplings
One can easily check that the first component of the CS multiplet (21) is not invariant under the B-field gauge transformations. To write it in terms of field strength H, we add another T-dual multiplet to (21) . Since the gravity couplings to C (p−3) are those given by (21) [25] , the first component of the new T-dual multiplet must include only the B-field. This happens when the indices of the R-R potential and the B-fields contract either with the volume form or with the derivative of these fields. Consider the following couplings for
As indices e and k appear in derivatives, it is easy to verify that this coupling is invariant under linear T-duality transformations (7) when the Killing coordinate y is carried by the R-R potential. When y is carried by the B-field, it is not invariant under T-duality. In those cases one has to add more terms involving the higher R-R forms to arrive at a complete T-dual multiplet. Applying the steps that are used in the previous section, one finds the following T-dual multiplet corresponding to (22)
where dots refer to the expressions similar to the one in the first bracket with indices (e, k) replaced by (k, e).
Now, the first components of the CS multiplet (21) and the above multiplet can be written in terms of H, i.e.,
where H µνρ = B µν,ρ + B ρµ,ν + B νρ,µ . The terms in the second line are reproduced by the S-matrix calculation [26] . Unlike the gravity couplings in the first line, the B-field couplings are not invariant under the R-R gauge transformation.
One may then expect that there are some other T-dual multiplets that should be included in the action (24) . As we have pointed out above, their first component must include only the B-field. The presence of such couplings can be fixed by the S-matrix calculation.
In fact the couplings (24) as well as the following couplings are produced by the S-matrix element of one R-R and two NS-NS vertex operators [26] :
The S-matrix element also produces some massless open-string/closed-string poles at order O(α ′2 ). The open string poles are reproduced in field theory by the DBI action (1) and the following couplings [26] :
The closed string poles, on the other hand, can be reproduced by the bulk supergravity and the D-brane couplings (5) . It is shown in [26] that even though the contact terms and the massless poles are not separately invariant under the R-R gauge transformations, their combination satisfies this symmetry.
C (p−1) couplings
Before making the other components to be covariant/gauge-invariant, let us digress to discuss a subtle point in finding the field theory couplings from the corresponding string theory S-matrix elements. It has been shown in [26] that the S-matrix element of one R-R potential C (p+5) and two gravitons is zero, and the S-matrix element of one C (p+5) and two B-fields is non-zero. When writing the latter amplitude in terms of field strength H, one finds that it has only massless closed string poles at order O(α ′2 ) (see appendix B in [26] ). On the other hand, using the steps that are applied in section 3.1, one finds that the T-dual multiplet corresponding to the couplings (24) has no C (p+5) component. However, for the couplings (25) , one find following component in the T-dual multiplet:
which arises from the contact terms of the S-matrix element. Similarly for the couplings (26), T-dual multiplet has following component:
which arises from the massless open string poles of the S-matrix element. The S-matrix element also produces some massless closed string poles.
The above results indicate that the contact terms (27) and (28) must be canceled by the massless closed string poles. To see this explicitly, we apply the same steps as we have used in section 3.1 to calculate the C (p+5) component of the S-matrix element of one
and two B-fields [26] . The C (p+5) component of the amplitude (35) in [26] is
The amplitude also has the overall factor of the polarization of the external states, i.e., ǫ a 0 ···ap ε 1a 0 ···apijmn ε ij 2 ε mn 3 . In the above equation, J s and Is are functions of the Mandelstam variables. We refer the interested reader to [26] for the notations. At low energy, the terms in the first line produce the contact terms (27) and (28) and some massless closed string poles, whereas the terms in the second line produce only massless closed string poles. Using the identities between J s and Is, i.e., eq.(33) in [26] , one finds that the terms in the first line add up to zero, as anticipated above. On the other hand, the terms in the second line combine with some other S-matrix T-dual multiplets to produce the result for the S-matrix element of one C (p+5) and two B-fields.
This phenomenon may happen only when two derivatives in a coupling contract with each other or, in momentum space, when a contact term is proportional to a Mandelstam variable, e.g., the couplings in (27) and (28). The reason is that the identities between J s and Is which arise from the requirement that the S-matrix element must satisfy the Ward identities corresponding to the NS-NS massless fields, have the structure of i (M i J i + N i I i ) = 0 where M i and N i are at least the linear order of some Mandelstam variables. To clarify this point, suppose the S-matrix element has the structure i (· · ·)J i where (· · ·) refers to the polarization tensors and the four momenta that are produced by performing the correlation between the vertex operators [12] . Upon imposing the Ward identity corresponding to one of the NS-NS states, i.e., ε µν → ε µν + p µ ζ ν ± p ν ζ µ one finds a relation like i M i J i = 0.
These identities make the covariant/gauge-invariant form of the couplings, in which two derivatives contract with each other, ambiguous. This ambiguity, however, is resolved when one considers both the contact terms as well as the massless poles at order O(α ′2 ). Hence, we will not discuss the covariant/gauge-invariant form of such couplings, e.g., we will not consider the C (p−1) , C (p+1) and C (p+3) components of (23) . Note that the first component of this multiplet is combined with the first component of the CS multiplet to produce the gauge invariant result (24) .
We now try to make the other components of the CS multiplet to be covariant/gaugeinvariant. One can easily verify that the structure of the couplings in (25) and (26) is different from the structure of the couplings in the CS multiplet (21) . In particular, the couplings (21) are antisymmetric under (e, f ) → (k, e) and (e, k) → (k, l) whereas the couplings (25) and (26) do not have such antisymmetric property. So the couplings (21) can not be combined with the T-dual multiplets corresponding to the couplings (25) and (26) to produce the covariant/gauge-invariant results. Therefore, there must be other Tdual multiplets to make the CS multiplet covariant/gauge-invariant. The first component of these multiplets should be C (p−1) . The strategy for finding these multiplets is to find its first component by requiring that when they are combined with the corresponding coupling in (21), they become covariant/gauge-invariant. Then using the same steps as in section 3.1, one finds all the other components of the T-dual multiplets.
There are two multiplets for making the first term in the second line of the CS multiplet (21) to be invariant under the B-field gauge transformations. The first multiplet which has only two components, is given by the following expression:
where again dots refer to the similar terms as above with (e, f ) → (k, l) and (e, k) → (k, e).
The coefficient α is a constant which we will determine shortly. Note that the first term in the first line above is the coupling that is needed to make the corresponding coupling in (21) gauge invariant. The other term in the first line is needed for T-duality. One can easily check that the sum of the first term above for α = 1 and the first term in the second line of (21) can be written in terms of H, i.e., R ab ef H ief,d . However, the sum of the first term in the second line above for α = 1 and the first term in the third line of (21) can not be written in a gauge invariant form.
The other multiplet is: The coefficient β is a constant. One can check that the sum of the first term above for β = 1 and the first term in the second line of (21) can also be written in terms of H, i.e., R ab ef H ide,f . The sum of the first term in the second line above for β = 1 and the first term in the third line of (21) can not be written in a gauge invariant form. To remedy these failures, we will consider both multiplets with
We will see in the next section that the above choice of the constants makes it possible to write the first term in the third line of (21) in a gauge invariant form.
The last term in the first line of (31) is proportional to the Mandelstam variable p 2 · V · p 3 in the momentum space. So as argued before, we are not interested in making it covariant/gauge-invariant. However, the last term in the first line of (30) is not proportional to a Mandelstam variable, so there must be other T-dual multiplets to make it covariant/gauge-invariant. One can write it in covariant form by adding the terms 
Now, the C (p−1) component of the above multiplet and the multiplets (31), (30) and (21) add up to the following covariant/gauge-invariant results: where we have added/removed some terms which are proportional to the Mandelstam variables. They are related to the massless-pole T-dual multiplets and we are not concerned about them in this paper.
C (p+1) couplings
Adding the multiplets (30) and (31) to the CS multiplet (21) , one finds that the B-field terms in the C (p+1) component of the CS multiplet can be written in terms of field strength H, provided one adds one more multiplet, i.e., 
Now, the CR-R gauge transformations. However, taking the transformation of the massless poles at order O(α ′2 ) into account, one recovers the R-R gauge symmetry [26] .
